The detailed studies of low temperature (T = 2 K) polarization resolved photoluminescence and photoluminescence excitation studies from heavily modulation doped Ga1−xAlxAs/GaAs single heterojunctions in continuous wave and time-resolved conditions are reported. The free conduction band GaAs electrons recombination with two-dimensional holes observed in low magnetic fields enabled us to determine experimentally the valence subband Landau levels. The high magnetic field photoluminescence spectra are dominated by excitonic transitions which are attributed to neutral excitons rather than to positively charged ones.
Introduction
Two-dimensional semiconductor structures have attracted, in recent years, much interest of both technologists and scientists. The structures are used in elaboration of high performance devices and also in the study of fundamental physics phenomena, e.g. integer and fractional quantum Hall effects [1, 2] . Although optical properties of both n-and p-type, two-dimensional (2D) structures have been intensively studied, the evolution of the optical response of these structures is not clearly understood. The Fermi edge singularity [3] and the formation of charged excitons [4] are two important effects to be mentioned in this context. A negatively charged exciton (also called trion) is an analogue of H − in semiconductors. It was predicted by Lampert [5] to be stable in bulk semiconductors but was not observed due to a very small binding energy. In quantum wells, with 2D electrons or holes, the binding energy of an additional carrier to a neutral exciton increases up to a few meV making negatively (X − ) and positively (X + ) charged excitons (131)
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possible to detect in absorption and emission measurements [3, 6, 7] . The problem of trions at a single interface is controversial. The observation of negatively charged excitons have been reported in the study of photoluminescence (PL) from Ga 1−x Al x As/GaAs single heterojunctions [8] , but the important problem not discussed in this article is the distinction between the character of negatively charged excitons which may be either free or localised, resembling in the latter case the conventional bound excitons. Also, the band to band transitions observed in photoluminescence from modulation doped Ga 1−x Al x As/GaAs single heterojunctions are qualitatively different than those observed in PL from quantum wells. While both photo-created carriers are localised in a quantum well they are separated in growth direction by electric field at a single junction. In heavily doped heterostructures with high densities of 2D carriers the strong electric field appreciably separates spatially recombining electrons and holes. As a result, the band to band transition has a free character in a low and medial magnetic field limit [9] [10] [11] . In this paper we report on the detailed studies of two-dimensional hole gas states at a single p-type doped Ga 1−x Al x As/GaAs interface using polarization resolved low temperature (T = 2 K) photoluminescence and photoluminescence excitation (PLE) in continuous wave (cw) and time-resolved conditions. It will be shown that using low excitation power densities a very rich photoluminescence spectrum is revealed. From the analysis of well-known H-band emission [11] , which is interpreted as a free carriers recombination with two-dimensional holes the energy dispersion of the valence band Landau levels (LL) is determined. The experimental results are compared with detailed numerical calculations based on our theoretical model [12] . In addition to free carrier lines, in low magnetic fields, recombination of donor bound electrons with 2D holes is observed. In higher magnetic fields new lines attributed to interface excitons are discerned in PL spectra.
Samples parameters and experimental techniques
We have studied photoluminescence from five modulation doped p-type Ga 1−x Al x As/GaAs single heterojunctions with different 2D holes concentrations: p 1 = 9. 2 were smaller of about one order of magnitude. All measurements were performed in liquid helium temperature down to 2 K with a magnetic field applied perpendicular to the growth direction in Faraday configuration. Continuous wave photoluminescence and photoluminescence excitation measurements were carried out using Bitter solenoids providing magnetic fields up to 23 T. An optical fibber system was used with the quarter-wave plate and the linear polarizer placed together with the sample in the liquid helium. In order to examine the circular (σ + and σ − ) polarization of the photoluminescence the direction of magnetic field was changed. The spectra were analysed in the 1 m single grating monochromator with nitrogen-cooled charged-coupled device (CCD) used as a detector. Time--resolved photoluminescence (TRPL) experiments were performed in optical split coil superconducting cryostat giving magnetic fields up to 7 T. The spectra were analysed in the same way as in the first set up.
Experimental results
As we have shown previously in the study of photoluminescence from modulation doped single junctions a critical role plays the power density of applied laser excitation [10, 12] . Photo created electron-hole pairs are separated by interface electric field giving additional electric field of opposite direction which at strong excitation level considerably reduces the bend bending existing in dark conditions. In Fig. 1 the evolution of photoluminescence spectra as a function of excitation power density, for the samples 1 and 2 with the highest 2D hole concentrations are shown. When the excitation power density is higher than P = 10 W/cm 2 only bulk GaAs excitons lines are discerned in the PL spectra (not presented). For excitations below this value a well-known H-band emerges on the low energy wing of bulk lines named X, D 0 X, and A 0 X and attributed to free, donor-bound, and acceptor-bound GaAs excitons, respectively. As the excitation power is further reduced H-line intensity compared to the bulk ones increases. Simultaneously the H-band position shifts considerably to lower energies whereas positions of bulk transitions remain unchanged. For the excitation power lower than 10 mW/cm 2 for the sample 1, and 100 mW/cm 2 for the sample 2 on the low energy side of H-band a new line which we named D-line emerges in the PL spectra. With a further reduction in laser power this line grows in intensity in comparison to H-band, which gradually disappears from the PL spectra and becomes invisible for excitations lower than 0.8 mW/cm 2 and 10 mW/cm 2 for samples 1 and 2, respectively. The D-line exhibits the same red shift as the H-band with the decrease in laser power density. All measured PL intensities were normalised to obtain the same values at H-band or D-line maxima.
In order to obtain more information about the nature of observed lines we performed low temperature (T = 2 K) polarization resolved photoluminescence in magnetic field up to 23 T applied perpendicular to 2D plane in Faraday configuration. The spectra have been collected with magnetic steps smaller or equal 0.2 T, and their field evolution has been analysed with a high precision. We have ascertained that a further decrease in laser power is indispensable to attain a high resolution of PL measurements. This restricts, however, the observation of Hband emission to higher magnetic fields but reveals the fine structure of emission related to 2D holes. We have noticed that H-band stops to shift towards lower energies and remain at the same position when the laser power density is decreased below 0.5 mW/cm 2 and 0.7 mW/cm 2 for samples 1 and 2, respectively. This is evidence that at these power excitation levels photo created electron and hole pairs do not alter the interface potential. In Fig. 2 the photoluminescence spectra detected with application of very low excitation power P = 0.3 mW/cm 2 at filling factors ν = 6 and ν = 3 for the samples 1 and 2 are presented. The magnetic field dependence of the energy position of the observed interface-related lines and bulk A 0 X excitons are plotted in Fig. 3 . In low magnetic field the photoluminescence spectra are dominated by D-lines recombination. The H-band emerges in the PL spectra for magnetic field higher than 1 T and 2 T for samples 1 and 2, respectively. The intensity of H-band strongly increases while the D-line gradually disappear (not presented, see Refs. [10] and [12] ). Both H-band and D-line split into four components in magnetic fields (two components observed in each circular polarization σ + and σ − ). The line D4 is not placed in Fig. 3 , since it can be detected with an accurate precision only for a few magnetic fields. As it is clearly seen in Fig. 3 , the H-band components change linearly with magnetic field while D-lines exhibit a diamagnetic shift which is evidence that a strong Coulomb interaction is involved in these transitions. After detailed analysis of experimental data and comparison with numerical calculations of interface potential and hole wave functions we have interpreted D-lines as recombination of electrons trapped on ionised donors near the interface with 2D holes confined at interface [10] . The H-band lines were attributed to recombination of free GaAs conduction band electrons with the same 2D holes. Therefore, the magnetic field evolution of the H-band allowed us to determine 2D hole Landau levels in the valence subband. This can be obtained by subtracting the measured transition energies from the energy E cb + 0.5hω c ± 0.5µ B gB of a GaAs conduction band electron in the lowest Landau level. Here, µ B is the Bohr magneton, m e = 0.067m 0 is an electron effective mass, g = −0.44 is Lande factor of an electron and ω c = eB/m e is an electron cyclotron frequency. The energy E cb was used as a fitting parameter. For each transition the sign of the Zeeman energy in the total energy of an electron was determined on the base of theoretical calculations [12] . The comparison of experimental data with detailed numerical calculations, for the samples 1 and 2, are presented in Fig. 4 . A very good agreement is obtained for magnetic fields up to a filling factor ν = 3. The disagreement between energy positions of experimentally obtained and calculated numerically H1 positions in higher magnetic fields is not resolved in this state of study. The possible explanation of this discrepancy can be attributed to the hole-hole interaction and the change of interface potential shape caused by redistribution of 2D holes. As it is seen in Figs. 2, 3 , and 4 in the energy range of H-band transitions we observed lines, named by us E1 and E2, which do not coincide with any Landau levels. The line E1 appears in PL spectra in σ − polarization at the low energy side of the line H4, which in turn dramatically disappears from the PL spectra when the 2D hole Landau level attributed to this transition crosses the Fermi level at magnetic field corresponding to a filling factor ν = 6. As the magnetic field is increased this line strongly grows in intensity (see Fig. 5 ). The similar behaviour is observed in PL spectra for lines E2 and H3 in σ + polarization in the magnetic field higher than those corresponding to a filling factor ν = 3. According to our calculations, lines H3 and H4 are related to the recombination of photo excited electrons with 2D light holes [12] . Therefore, we attributed lines E1 and E2 to light hole excitons recombination. For the samples 3, 4, and 5 we have not discerned such rich structure of photoluminescence spectra and distinction between H-band and E-lines is not possible. We observed only continuous change of the magnetic field energy dependence of interface related recombination, from linear (H-band) to diamagnetic (E-lines) one with an increase of the field. This transition is observed similarly as for samples 1 and 2 near the filling factors ν = 6 and ν = 3 for polarization σ − and σ + , respectively. There is a question about the exact nature of E-lines. In the case of narrow quantum wells with a high 2D particle density, only charged excitons are observed. Theoretical calculations exclude, however, the creation of charged excitons in strongly asymmetric structures [13] . Detailed studies of lines E1 and E2 in PL spectra in higher magnetic fields under continuous wave excitation are complicated in our heterostructures by a dramatic increase in intensities of recombination attributed to bulk GaAs neutral acceptor bound excitons (A 0 X), which is clearly seen in Fig. 5 . In all studied samples A 0 X lines exceed in intensities lines E in higher magnetic fields. In PL spectra of samples 3, 4, and 5 there is even an inversion in the ratio of their intensities. To omit this difficulty we performed time-resolved photoluminescence measurements in magnetic field up to 7 T in the same experimental conditions as continuous wave ones. The TRPL studies were performed with the use of 3 KHz Nd-YaG laser with 10 ns impulse and CCD gated camera used as a detector. The time evolution of photoluminescence spectra for samples with high (p 2 = 7.6 × 10 11 cm −2 ) and the lowest (p 5 = 2 × 10 11 cm −2 ) concentrations are presented in Fig. 6 . The continuous waves PL spectra are also placed for comparison. As we suppose the GaAs exciton related transitions disappear from the PL spectra recorded in ns delay time which allows the observation of interface related transitions. For all studied samples we detect a very long time of photoluminescence of E and H lines which is evidence of a low value of oscillator strengths of these recombinations. To confirm this observation we performed photoluminescence excitation measurements. In the PLE experiments we recorded the whole PL spectra using CCD camera. As a light source we used a tuneable Ti-sapphire laser. The spectra were collected with a laser wavelength step smaller or equal 0.25 nm varied in energy from the donor acceptor recombination up to the energy greater than the GaAs energy gap. An extremely low laser power and exposure time were used in order to prevent the CCD device from damage. The photoluminescence spectra for samples 2 and 5 are presented in Fig. 7 . In the lower part of the figure the PL spectra for laser energy higher than GaAs energy gap is placed. In the upper part a few photoluminescence spectra with excitation energies at characteristic PL lines (marked by arrows) are shown. As it is clearly seen the interface related lines (D, H, and E) appear is higher than P = 10 W/cm 2 only bulk GaAs excitons lines are discerned in the PL spectra (not presented). For excitations in the PL spectra only when laser energy is equal or higher than the energy of a free GaAs bulk exciton. When the laser excitation is lower only the fine structure of the resonant excitation of donor acceptor recombination (D−A) is observed. Thus, the photoluminescence excitation experiments also exhibit the considerably high space displacement of photo excited electrons and 2D holes. In numerical calculations we obtained that this displacement in zero a magnetic field, for the sample 2, is higher than 40 nm [10] . The magnetic field applied perpendicular to 2D plane squeezes the electron wave function and brings electrons closer to confined holes but a spatial separation between electrons and holes still remains larger than the distance between holes. Thus, the repulsion between 2D holes exceeds the attraction between an electron and an extra hole and positively charged excitons are not created.
Conclusions
We investigated photoluminescence from p-type doped single interfaces. We showed that detailed polarization resolved PL measurements under the application of very low excitation power densities explain discrepancies in the interpretation of interface related recombination of the so-called H-band. In the study of heavily doped heterostructures with 2D holes concentrations higher than p = 7.6 × 10 11 cm −2 in low and medial magnetic fields the free-carrier recombination with 2D holes is discerned in the photoluminescence spectra which is consistent with previous observations [9] [10] [11] . These transitions enabled us to determine experimentally the energy of 2D holes Landau levels. In higher magnetic fields exciton lines appear in the PL spectra. The distinction between free and bound recombination in PL spectra is possible only for the heterostructures with the highest 2D hole concentration. However, even for samples with lower 2D hole concentrations down to 2 × 10 11 cm −2 the free-carrier recombination is observed in PL spectra in low magnetic fields. We interpreted exciton transitions as recombination of electrons with 2D light-holes which occupy states below the Fermi level. This is consistent with the interpretation of H-band proposed by Shen et al. [14] as interface excitons without any contribution of 2D holes.
